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Abstract 33 Floating wind turbines (FWTs) are subjected to highly dynamic and complicated 34 environmental conditions leading to significant platform motions and structural vibrations during 35 operation and survival conditions. These motions and vibrations alter the induced loading 36 characteristics and consequently affect the dynamic behaviour of the system. In order to better 37 understand the influence of such motions and structural vibrations, herein elastic structural 38 disturbance of tower, on the system behaviour, the spectral and statistical characteristics of a 39 floating wind turbine dynamic responses under operational and survival conditions are fully 40 explored using a fully-coupled aero-hydro-servo-multi-rigid-flexible-body model (AHS-MRFB). 41 The spectral comparison results showed the important role of aerodynamic damping in reducing 42 the high-frequency resonant responses in operational conditions. These analyses also revealed the 43 effects of tower elasticity in shifting and amplifying high-frequency resonant responses. The 44 statistical comparison results showed that the mean values of the responses are dominated by wind 45 loads and the maximum and standard deviations of the responses are mainly induced by the 46 combination of support platform motions and wave loads. It was also shown that elastic structural 47 deformation of tower enlarges the statistical characteristics of the responses especially when the 48 system is subjected to both wind and wave loadings.
Introduction
In the last two decades, the offshore wind energy industry has been undergoing a dramatically Tension Leg Platform (TLP), which relies mainly on tension forces in the pre-tensioned stiff 96 tendons for achieving stability as well as station keeping of system, is one of the concepts which 97 has shown promising results during initial studies to support wind turbines for intermediate (i.e., 98 45 to 150 m) or deep (i.e., more than 150 m) waters [7] [8] [9] . The challenges with applying such concept 99 in offshore wind farms mostly lie in the complexity with regards to mooring line design which in 100 this case constitute the largest portion of construction cost; installation, maintenance, and 101 decommissioning procedure; possible resonant vibrational controlling devices requirement (i.e., 102 like tuned liquid dampers (TLDs) or tuned mass dampers (TMDs)); and restricted design depth 103 due to the type of mooring system. Such challenges along with advantages of other floating 104 offshore wind turbine (i.e., semi-submersibles and spar-types) in terms of construction cost (i.e., 105 mooring system and installation) and simplicity of installation might lead to a substitution in the 106 planning and design stages 10, 11 . Nevertheless, based on the research studies established on 107 TLPWTs, the limited platform motions of this type of support structure leads to less structural 108 loading on the tower and blades compared to other floating concepts (e.g., spar and semi-109 submersible) and consequently perform better than the other types 9,12 without requiring the large 110 draft of a spar or the spread mooring system and complex construction of a semi-submersible. 111 Fully coupled dynamic analyses of Tension Leg Platform (TLP) type FOWT concept in the time 112 and frequency domain have also shown that tension-legged mooring system is stable in both 113 operational and extreme conditions, but needed more improvement in yaw motion which can be 114 improved by increasing the length of the spokes. As a result, this type of floater is likely to provide 115 the most stable and reliable platform compared to other floating concepts, particularly for 116 intermediate waters where other OWT concepts with catenary mooring system are challenging and 117 not feasible [7] [8] [9] . 118 Unlike the bottom-fixed types, the floating-type wind turbines experience a much more 119 complex and strong interaction between aerodynamic and hydrodynamic loadings and system 120 components. This is mainly due to floating configuration and deep water with more severe 121 environmental conditions leading to higher structural loads as well as larger motions/deflections 122 under the combination of wind and wave loads. Such motions and structural vibrations might have 123 significant impacts on the performance of the entire system and individual components. Therefore, 124 the wind turbine system optimum performance highly depends on an accurate modelling of The wind turbine model used in this study is the NREL 5-MW offshore baseline wind turbine 179 supported by a tension leg platform foundation. This model is a three-bladed upwind 5-MW wind 180 turbine with a variable-blade-pitch-to-feather control system. The control system in this model 181 uses a conventional control approach in which a generator-torque controller utilized in order to 182 maximise captured power below the rated wind speed and a blade-pitch controller to minimise the 183 drivetrain load by regulating rotor speed above the rated wind speed. The detailed specifications 184 and dimension properties of 5MW turbine based on global coordinate system presented in Figure   185 1 are described in Table 1. 186 tendons) are connected at the end of each spoke and anchored to the seabed (see Figure 1 ). The 203 tension legs compensate the force difference between the total structural weight and water 204 displacement which in this case leads to a ratio of 24% between the total tension in legs and the total weight. The platform and mooring system characteristics and dimensions are summarised in 206 The combined system of the wind turbine and platform results in a new mass, C.G., and inertia 211 of the system. Table 3 gives the properties of the assembly of the MIT/NREL TLP and NREL-212 5WW wind turbine (see Figure 1 ). It is to be stated that the full system properties for this TLPWT Center of buoyancy (0, 0, -23.94) m Inertia around x-axis 9.07×10 9 kg.m 2 Inertia around y-axis 9.05×10 9 kg.m 2 Inertia around z-axis 6.06×10 8 kg.m 2 It is to be noted that the presented properties for each component along with overall 222 characteristics of wind turbine system in this section as well as environmental loading directions 223 to be utilized in further numerical analysis are based on the global coordinate system shown in 
(1) In equation (1) Then, the pitch motion response obtained in the present study is compared for the same TLP 359 and environmental loading as modelled by Matha (2009) Weibull distributions and a log-normal distribution for the spectral peak period, p T , as described 379 in equations (2), (3) and (4): . (2), (3) and (4). Table 5 shows the estimated environmental conditions. The obtained The 10-min mean wind speeds at the nacelle listed in Table 5 are estimated by scaling up the 396 1-hour mean wind speed at 10 m above the still water level by a factor of 10%. Then, the 10-min 397 mean wind speed at the reference height (10-m) above the water level, ref V , is transformed into the 398 10-min mean wind speed at the hub height at 90-m , V , using the widely used power law-wind 399 shear model given as in equation (5) (6)).
where, I T is turbulence intensity, V σ is standard deviation and ref V is mean wind speed at 407 reference height which usually is defined 10 meters above mean sea level. The mean value of the 408 wind speed standard deviation can be estimated through the following equations: Table 6 . It also provides a summary of all analysis 472 specifications in terms of controlling strategies and loading status utilized in the present study. Table 5 , -BEM * model for less than 8 m/s, -GDW ** model for more than 8 m/s, -Enabled dynamic inflow wake.
Disabled
Wind-wave induced -Turbulent wind fields (145m×145m), -Kaimal turbulence model 25,33 , -Normal turbulence type 25, 33 , -Power law model α=0.12 25,33 , -Sea states from Table 5 , -BEM * model for less than 8 m/s, -GDW ** model for more than 8 m/s, -Enabled dynamic inflow wake.
-Sea states from Table 5 mean, and standard deviation are presented based on the time series from 500 sec to 4100 sec. The primary loads in the present study are wind and wave with headings fixed at zero degree along 502 with x-axis (see Figure 1 ) for all cases as well as gravity loads. The current loads is not considered 503 in this analysis. It is to be noted that a set of virtual experiment simulations based on available 504 data 15, 17 and current guidelines and codes of practice 33 showed that the influence of current 505 induced loads on the system in the range of environmental conditions and water depth considered 506 in the present study is negligible and hence is not included in the study. Statistical differences in 507 these trial simulations were less than 1% for structural components, motions, and mooring tensions 508 with a relatively larger drift motion in the applied loads direction. The spectra of the hub-height 509 wind velocity and wave elevation of all load cases defined in Table 5 are illustrated in Figure 6 . In this section, a spectral comparison study is carried out to observe and identify the coupling 516 and dominant effects, the importance of wind load actions on blades, the controlling strategies, the 517 effects of blade rotation, and the influence of tower flexibility on the platform motion and mooring 518 line tension of the floating TLP wind turbine system. The study will be limited to these response 519 variables even though there are other interesting variables which will be assessed in the next This intensifying effect is in particular obvious for survival conditions, in which the magnitude of 645 the responses are much more higher than the operational cases, while they remains almost the same 646 when the tower elasticity is excluded. The maximum of the responses is less than 1.5 m/s 2 (i.e., 647 0.15 gravity acceleration) and 4 m/s 2 (i.e., 0.4 gravity acceleration) in operational and survival 648 cases, respectively, which seems to be within acceptable range (i.e., 0.2g-0.3g is common practice) 649 and indicates the applicability of this rotor-nacelle assembly for the MIT/NREL TLPWT in such 650 environmental conditions. It can also be seen that the elasticity of tower increases the response up 651 to twice the value of rigid tower cases in the survival conditions, which signifies the importance 652 of elastic structural responses of tower in fatigue lifetime of derive train mechanical components. Figures 13 and 14 , respectively. The maximum and standard deviation responses of the tower 661 (i.e., shear forces and bending moments at the tower-TLP interface and the deflection at the tower-662 top) are mainly induced by the combination of support platform motions and wave loads under 663 both operational and survival conditions. The intensifying effect of the elastic structural responses 664 of tower on the maximum and standard deviation characteristics is also obvious especially when 665 the system is subjected to both wind and wave loadings during the survival conditions. On the 666 contrary, it is seen that neither the wave loads nor tower elasticity have considerable effects on the 667 statistical characteristics of blade out-of-plane responses (i.e., shear forces and bending moments  The maximum, mean, and standard deviation of responses are all show the same trend for 818 the below-rated wind speeds in which they increase with increasing wind speed due to the control 819 strategy. For the over-rated wind speeds, the maximum and standard deviation responses start with 820 a decrease due to blade pitching effects but increase monotonically thereafter which reveals their 821 sensitivity to wave loads for the higher wave conditions. In contrast, the mean values decrease 822 monotonically after wind speed exceeding the rated value due to blade pitch controller actions. 
